Nonlinear laser wavelength tuning effects appear as phase noise in wavelength swept interferometry. A new method is proposed to compensate tuning nonlinear effects in optical frequency domain reflectometry (OFDR). The proposed method is simpler in configuration, and unlike conventional nonlinear compensation methods, it does not require separate auxiliary interferometer detection, which eliminates the need for an extra photo detector and an acquisition channel for the auxiliary interferometer. In the proposed method, an intentional beating signal is introduced in the beginning of the OFDR spectrum which is treated as an auxiliary interferometer to acquire tunable laser phase information for post signal processing. The proposed method can reduce overall OFDR system cost, reduce the data acquisition time and computational load by half, and make system configuration simpler by eliminating the need for extra components. Feasibility of the proposed method was demonstrated by compensating for tuning nonlinearity effects in an optical fiber approximately 35 m long with a measured spatial resolution of ~30 µm. To confirm performance of the proposed method, a comparison was carried out with a conventional nonlinear tuning compensation method, which requires the separate auxiliary interferometer. Moreover, distributed sensing using the proposed method was also demonstrated in an optical fiber approximately 35 m in length by performing strain sensing with 3 cm sensing resolution.
INTRODUCTION
Recently, distributed optical fiber sensors (DOFS) have gained tremendous attention because of the many advantages they offer over their electrical counterparts, including being lightweight, robust, easy to install, immune to external interference and capable of high-density sensing. DOFS can measure various parameters such as strain, temperature, 3D shaping, magnetic field, gas composition [1] , and have been adopted practically in various fields including energy, infrastructure monitoring, aviation, and medical. However, the high cost of DOFS interrogators are still a problem precluding broad dissemination of the technology. A Rayleigh or Brillouin scattering based interrogator can cost as much as $150 k in terms of the required off-the-shelf components.
Optical frequency domain reflectometry (OFDR) is a Rayleigh scattering-based sensing technology with a good spatial resolution and large dynamic range. OFDR utilizes a tunable laser source (TLS) and an interferometer consisting of a fiber under test (FUT) and a reference arm. The Optical frequency of the TLS used in OFDR is swept linearly in time ideally without any mode hopping, and spatial resolution is a function of the optical frequency tuning range [2] 
, where, is speed of light, is refractive index of the optical fiber, and ∆ is the optical frequency sweep range. With this relationship, a broader tuning range can realize better spatial resolution. A TLS in OFDR can be linearly tuned using an external modulator with a linearly swept microwave frequency input [3] [4] [5] . This type of TLS has a linear optical frequency sweep; however, the sweep range is limited because of limited modulator bandwidth [6] . Another method to realize a TLS is internal optical frequency sweep, where a Fabry-Perot etalon (FP) or similar components are used to vary central wavelength by changing the cavity length of the FP by means of DC motors or piezoelectric actuators. This type of TLS can offer a broad optical frequency sweep range, and hence, improved spatial resolution in principle. However in practice, due to the mechanical parts involved, it is challenging to achieve linear tuning which results as a phase noise in the interfered signal and deteriorates the spatial resolution.
The most commonly used method to reduce the impacts of sweep nonlinearities is to evenly sample the OFDR signal in optical frequency [7] . For this kind of a technique, a data acquisition card with external clocking capabilities and an auxiliary interferometer is required. The beating signal generated by auxiliary interferometer is used as a trigger for the external clock, which samples the OFDR signal at equal distance optical frequencies. The problem with this type of compensation technique is that the maximum sensing range ( ) is limited by the optical path difference in the auxiliary interferometer [8] related through = , where, is differential delay in the auxiliary interferometer. Another approach to compensate sweep nonlinearities is to perform post signal processing after acquiring OFDR data. Normally, this technique involves acquiring an auxiliary interferometer signal along with the OFDR and extracting TLS phase information from the auxiliary interferometer signal and compensating nonlinearities in the OFDR signal using a correction algorithm [1] . The advantage of using this technique is that it is not dependent on the optical path difference of the auxiliary interferometer, and hence, a sensing range much longer than the optical path difference in the auxiliary interferometer can be achieved [7] . This type of compensation technique requires the acquisition of an auxiliary interferometer signal in a separate DAQ channel along with the main interferometer (OFDR) signal. Even though the axillary interferometer may have an optical path difference much shorter than the total sensing range, it is still sampled with the same resolution as that of the main (OFDR) interferometer, which doubles the acquisition time and computational load. High-spatial resolution and long-range sensing that may require multi-million data points to increase two-point resolution can place a significant burden on data acquisition computational power. Increasing the number of channels further increase the total data acquisition computational load.
Both tuning compensation techniques mentioned above require a separate (auxiliary) interferometer arrangement and an extra photo detector. Moreover, they also require some extra features in the DAC: either an external clocking option for real-time equal distance optical frequency sampling or an extra data acquisition channel to acquire the auxiliary interferometer signal for the post signal processing. The extra interferometer, photo detector, and extra features of the DAC may raise the overall system cost and complexity. In this paper, we have proposed a new method to compensate sweep nonlinearity effects using a post-signal processing algorithm that utilizes only a single channel, without detecting an auxiliary interferometer separately. The proposed method eliminates the need for an extra photo detector and DAC channel, with a single channel being sufficient to compensate sweep nonlinearities. This also simplified the system configuration. In the proposed method, auxiliary interferometer is integrated with OFDR signal by introducing an intentional beating signal (Peak) at the beginning of the OFDR spectrum, and after detecting the final signal, the TLS phase information was extracted from that peak. Then, the extracted phase information was used to compensate sweep nonlinearities in the rest of the OFDR spectrum using a resampling algorithm [7] . Doing so eliminated the need to acquire two separate channels, which also reduced the data acquisition time and computational load by half. Feasibility of the proposed single channel detection method was demonstrated by compensating the sweep nonlinearities in the optical fiber of lengths 5 and 35 m. The achieved FWHM spatial resolution was around 30 µm, and the performance of the proposed method was also compared with the conventional method (dual channel detection), which requires an auxiliary interferometer channel. Moreover, the optical fiber sensing capability of the proposed method was also demonstrated by performing strain sensing in a 35 m long fiber with sensing resolution of around 3 cm.
METHODS AND EXPERIMENTAL SETUP
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CONCLUSION
A new method to compensate the nonlinear tuning effects of a tunable laser source in OFDR was proposed. The proposed method only uses single channel detection, without requiring an axillary interferometer separately to perform nonlinear tuning compensation in post-signal processing. Reducing the need for multiple photo detectors and detection channels may reduce total system cost and simplifies the system configuration. The proposed method was demonstrated by correcting the phase noise effects caused by nonlinear tuning in OFDR with 5 and 35 m long optical fibers. Successful nonlinear tuning compensation resulted in enhanced spatial resolution. These results were compared with a conventional method of nonlinear tuning compensation based on two-channel acquisition, and a similar performance was observed between both methods. Finally, proposed single-channel detection nonlinearity compensation OFDR was demonstrated in DOFS by conducting strain sensing in a 35 m long fiber.
